The main objective was to evaluate the ability of a virtual reality (VR) system to reliably detect the so-called switch-point of a user; the distinguishing plane between free-choice use of the left and right hand. Independent variables of height and weight were incorporated into the study design and their effects on hand selection were analyzed. The paradigm utilized the Leap Motion Hand
Introduction
Handedness is one of the most obvious asymmetries in the world's population, with around ~90% identifying as "right-handers" and ~10% as "left-handers" [1] . A range of work has been carried out which suggests that an individual's selection of the dominant or non-dominant hand is context and task dependent [2] [3] [4] [5] [6] . One demonstration of this comes from Gabbard et al [7] , who created a manual reaching task where participants were to reach to stimuli at a variety of spatial intervals across 180° space. They found that there was a strong (>95%) preference for the dominant hand at midline and in ipsilateral space. However, this dominant hand preference dropped to under 50% once the targets crossed into contralateral space. This finding suggested that there are competing systems in play: there is a motor dominance factor (i.e. 'I am right handed'), and there is an attentional system which takes into account the location of the object (i.e. 'it is in far left space').
They go on to theorize that there must be some of programming which takes into account the proximity of the closest effector and the target (the kinematic hypothesis), and then the brain takes into calculation the shortest angular distance based on joint and hand space coordinates [8] [9] [10] [11] [12] . An alternative hypothesis known as the hemispheric bias hypothesis states that each hand is more likely to be used in its ipsilateral space because speed and accuracy are greater in ipsilateral space [5, 13- While these studies lay the foundation of hand selection, the concept of task demands has been relatively untouched with regards to effects of height and weight like the current study investigates.
In addition, there has been conflicting evidence about the current theories offered. Gabbard [20] did attempt to investigate this concept of task demands further when they blindfolded participants and had them pick up boxes and release them according to auditory cues. They again found that right-handers indeed used their right-hands to reach into ipsilateral space (at a rate of 96%), however, when the task was reversed, the non-dominant hand was chosen only 40% of the time in ipsilateral space. Although these results differed from Gabbard's earlier experiments, which reported non-dominant hand use closer to 70%, both experiments show an uneven distribution between ipsilateral hand use on the dominant and non-dominant side, providing evidence against the hemispheric bias hypothesis. One reason for the increase use of the dominant hand in the latter experiment could be the loss of visual-guided movements, which consequently increases the effort demanded to complete the task.
Building on the work of Gabbard, Przybyla developed a visual feedback / no visual feedback reaching paradigm. They incorporated the use of a horizontally placed mirror to occlude the participants actual hands, and a horizontally placed TV above the mirror to display cursors representing the left and right index finger locations, that were then reflected onto the mirror and seen by the participant. The participants also saw reflections of stimuli targets from the TV monitor on the mirror, and then were tasked with moving one of their non-visible hands to reside as best as possible directly under the target, with or without visual feedback via the help of the cursors.
Interestingly, results showed an increase in non-dominant hand use in the no visual feedback conditions; these results are contrary to Gabbard's findings, and do tend to support the hemispheric bias hypothesis. The opposing results perhaps could be due to the difference between the lack of Effects of weight and height on hand selection 4 vision and the lack of visual feedback; in one case losing all visual cues, and the in the other losing only the end-effector representation. Apart from this, Pryzbyla had another important finding: subjects used the dominant hand significantly more as target rows moved farther away from the initial starting position. This mimicked results found in an old study by Baldwin [21] , who studied his daughter's reaching preferences in infancy. He found that the farther away an object was while on the midline, the more likely the dominant hand would be chosen. An array of other task demand experiments have been done. Simon [22] investigated steadiness by measuring movement stability with the preferred and non-preferred hand in a task of placing a small rod through a hole, but found it wasn't sensitive enough to draw any strong conclusions. Stins [23] had participants pick up different levels of water-filled glasses, but their primary variable of interest in this design was the accuracy needed to pick up the different glasses and the hand trajectories to do so. They did note that different levels of water have different weights, but they did not factor this weight into their analysis and they were only interested in the approach phase before picking up the glasses. Sainburg [24] looked into hand control and trajectory in relation to position, but the targets were always on the horizontal plane. Patla & Rietdyk [25] looked at how obstacle heights influence limb trajectory in locomotion, but nothing regarding so in reaching movements. Cohen and Rosenbaum [26, 27] coined the so-called grasp-height-effect, they've found an inverse relationship between grasp location on the object and the target position (i.e., you grab something up high on the bottom of the object, and you grab something down low on the top of the object). They've also found grasps are done to execute behaviors in the most comfortable positions possible [8, [28] [29] [30] . Though Cohen & Rosenbaum collected data on which hand was chosen when objects were in differing locations, they placed an emphasis on the act of grasping the object and putting it in a target location; thereby imposing second-order planning effects of grasp posture that may override the first-order hand selection.
We believe the current work is an original contribution to the field of literature in first-order handselection with regard to differing heights, as well as the effects of asymmetrical weight. In essence, we examined the effect that effort had on hand selection.
We set out to develop a low-cost, quick, reproducible, and robust hand selection paradigm that would accomplish three goals: (1) : Investigate effort-effects in hand-selection (height & weight), with (2): a hand-selection paradigm developed with state-of-the-art technology in virtual reality that (3): after validation, offers the opportunity to acquire extensive baseline data on hand-selection and create rehabilitation-based tasks with small adaptations to the same experimental setup.
In the last two decades, virtual reality (VR) and virtual reality therapies (VRT) have begun to change the field of neurological rehabilitation and demonstrated their potential in several clinical studies [31] [32] [33] [34] [35] [36] . However, clinically certified effective systems often cost over 10,000 euros. To this point, VR has seen crucial advances in accuracy along with considerable reductions to cost in the last 5 years. We propose a paradigm that uses a state-of-the-art virtual reality hand tracker that altogether costs under 100 euros, if the administrator has a minimally viable computer at hand.
Additionally, the flexibility of VR-environments, together with the potential to create highly motivating tasks and procedures, makes VR a potentially powerful tool to measure, diagnose, and rehabilitate motor and cognitive impairments [37] . We propose a paradigm that can make these measurements and accurately record several interesting variables of data in 10 minutes, such as: overall hand-preference, hand-preference by distance, hand-use within ipsilateral space, efforteffects, speed of movement, and the trajectory of movement. On top of this, we seek to validate the sensitivity of the paradigm by showing it can distinguish between different grouping conditions (i.e.
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In the present experiment, participants were faced with a virtual environment, in which a grid-like display of cubes appeared in a random sequence one cube at a time. In each trial they were to 'contact' the cube with a freely chosen hand and come back to the starting position. The hands were projected into the virtual environment through an infrared hand tracker. If all things were equal, we could expect the use of right and left-hands to fall equally on each side of the midline, however we predict that even in this virtual environment, the results will follow previous studies and show a preference for the dominant hand into near-midline contralateral space. We also expect that the further away a target is from the body's midline, the more likely the participant will use the ipsilateral hand. Additionally, we predict that increasing the factor of effort will increase the use of the dominant hand in contralateral space. We will test this effort hypothesis in two ways: firstly, by dividing the stimuli presentation into three levels of height; and secondly, in a separate experimental condition, by placing a weighted glove on the non-dominant hand. 
Materials and Methods

Ethics Statement
Participants
The study consisted of 30 participants (mean age 27.2y, range 19-56y). All participants were healthy, with no signs of or reported medical problems. All were compensated with 5€ at the end of the experiment. Participants must be "right-handed" as defined by scoring higher than the 4 th right decile (>74%) on the laterality index in the 13-item augmented EHI. We further excluded participants before data analysis if their overt responses regarding the weighted gloves indicated an explicit strategy in hand selection. Three participants in total were excluded from the data analysis: one participant scored lower than the cutoff for right-handed laterality, one reported that he/she was personally "challenged and motivated to use" the weighted-glove more as if in a gym, and one participant reported explicitly that his job requires extensive ambidextrous hand-use of tools despite a 5 th right decile EHI score.
Experimental Paradigm
The stimuli were generated on the computer screen and composed of 3D represented yellow cubes with shading. In total, the experiment consisted of 1 training round, followed by 4 experimental rounds of stimuli presentation. In the training round, 10 stimuli were presented, whereas in the experimental rounds, 48 stimuli were presented. In both cases, the positions of the stimuli were predefined in a script, and then position presentation was randomized upon initiation of the round.
In total, with questionnaires and grip measurements, the experiment lasted approximately 15 minutes.
To begin, participants filled out personal data and consented to the experimental conditions. After which, hand strength was measured using the Grip-D device starting with the right-hand, and then the left-hand. Next, participants were instructed to place their elbows on two corresponding and marked points on the table. Now, the training was initiated and the participant could see their virtual hands on the computer screen. Their hands were seen in a 'bare-bones' skeletal view, containing a sphere within the palm region. On the screen, two light-blue squares denoted the region where the participant should center the sphere in the middle of their hand. This represented the starting position (Fig 1) .
Once the participants were comfortable in this starting position, they were told about the Leap Motion hand tracker in front of them, and that it functioned best when the participants showed it their palms. Once this was made clear, the participants were told that "yellow cubes will be appearing in the environment one at a time, and you are to reach out and contact the cubes freely with whatever hand that you want to, and the object of the task is to do so as fast as possible." After the participant finished contacting the first stimulus presented in the training round, they were instructed to come back into the starting position, and repeat this sequence for every stimulus.
The next stimulus was presented exactly 2 seconds after the contact to the previous stimulus to provide enough time to return to the starting position while still keeping attention engaged. After the training run of 10 trials, a break screen appeared and the participants were asked if they were ready to go onto the next level, and in this case, the experimental round.
In the experimental condition, the stimuli presentation procedure was the same: the participants started from the starting position, reached out with their chosen hand to contact a cube, returned to the starting position, and then the next cube was presented exactly 2 seconds after contacting the previous one. This was repeated until the break screen came up reporting the end of the round.
This break screen consisted of a button that the experimenter would click to initiate the next round, as well as a score that consisted of the summation of centimeters per second that the participant moved in contacting the cubes. This score was explained as the summation of the speed of their movements and the participants were told they would be able to see their scores after every round, but no explicit encouragement nor instruction to improve their score was given.
The stimuli positions in each experimental condition were in a 3-row x 13-column grid. Cube were bordering each other, while the rest had a 75% overlap with their neighboring cube (Fig 1) .
Exact grid positions in Unity3D units can be found in supplementary material as (S1 File).
[ Two experimental rounds were conducted consecutively, following which; the participant was instructed to wear two gloves, the right glove contained no additional weight, while the left glove contained a 500-gram sandbag. Visually, they appeared identical. The participant was then instructed again that "you are to reach out and contact the cubes freely with whatever hand that you want to, and the object of the task is to do so as fast as possible." The participant was asked if they were ready, and then the next round was initiated. Following two experimental rounds with gloves, this portion of the experiment was concluded, and the participant filled out the Edinburgh Handedness Inventory (EHI) and answered complementary questions on their perception of the weighted glove.
Experimental Setup
The laptop screen measured 19.4cm by 34.4cm. Two light blue squares (2.3cm x 2.3cm on the computer screen) represented the 'starting positions' for XY-space, areas in which the respective hand should be centered within at the start of each trial. Centered in the starting positions, the hands were presented 5.50cm away from each other, and 14.45cm from the left and right edges of the screen (Fig 1) . The actual starting positions of the participants hands were in a different Z-plane in depth from the target stimuli, an average of 5.37cm away from the target stimulus plane due to the slight variations in arm length. Stimulus positions on the screen as well as measured kinematic data from the LM tracker were all in arbitrary Unity3D coordinates and were analyzed as such (please see below 'Data Collection and Statistical Analysis'). We later converted results to visual and real space coordinates to allow for a better understanding, interpretation, and direct comparisons with previous studies. In the following, we report distances and positions in the experimental setup in two reference frames, visual 2D and visual 3D space. First, in correspondence with the 2D visual space of the laptop screen to describe the actually visible stimulus movements on the screen (visual2D). Second, in correspondence with the virtual 3D space taking into account the simulated visual depth of hand and target representations on the screen (visual3D). The distance from the hand starting position of either hand to the center of the box in the bottom row 1 of the middle column was 4.2cm in visual2D, and 6.60cm in visual3D (Fig 1 and Fig 2) ; reaching distance to the center of the box in the middle row 2 of the middle column was 5.8cm in visual2D, and 7.89cm in visual3D; reaching distance to the box in the top row 3 of the middle column was 7.9cm in visual2D, and 9.61cm in visual3D. The distance to reach to the middle of the box in row 1 of the most peripheral column was 4.6cm in visual2D and 7.46cm in visual3D; reaching distance to the box in row 2 of the most peripheral column was 6.3cm in visual2D and 8.62cm in visual3D; while the distance for the box in row 3 of the most peripheral column was 8.5cm in visual2D and 10.22cm in visual3D.
In a third reference frame, real-space, the hands were held 22.1cm away from each other in correspondence with the starting positions presented on the screen. The elbows were placed at markers on the table exactly 30cm from each other (Fig 2) . Each participant was instructed to maintain an arm angle that resulted in a comfortable position, while also extending forward from the elbows and placing the hands slightly inwards so that the center of the virtual palm resided in the starting positions. This position was visually confirmed by the experimenter, who was present at all times. To calculate real 3D reaching distances we used a rounded gain factor of 4, which was found by dividing the real measured distance the hands were held apart in order that the hands were in the starting positions (22.1cm) and the average distance the visual representations of the hands were held apart on the computer screen (5.53cm). Therefore, the calculated real space distance to the center of the boxes within the middle column of row 1 was 26.4cm; row 2, 31.56cm; and row 3, 38.44cm. (Please see Fig 1 and Fig 2 for further measures .) The LM tracker was positioned 34.8cm diagonally from the bottom corners of the computer screen, and 40cm diagonally from each elbow marker (Fig 2) .
[ 
Data Collection and Statistical Analysis
Kinematic data was collected in real-time during the entire duration of the experiment using the LM tracker and custom-written Unity3D scripts. Information that was collected included: 3D-Coordinates of both hands upon stimulus presentation, timestamp upon stimulus presentation, coordinates of stimulus presentation, 3D trajectory of the hands until contacting cube at a 20 Hz sampling rate, timestamp upon hand contact with stimulus, and which hand contacted the stimulus.
Additionally, we recorded EHI scores, grip strength of both hands, and questions regarding the experience wearing the weighted glove.
Data was used from the experimental rounds only, the training round was not included in the analyses. Within each row, condition, and participant, we sorted stimuli according if they were touched with the left or the right hand. The horizontal distance from midline was averaged across all cubes contacted with either the right or the left hand, resulting in left hand and right hand horizontal mean positions. The sum of these means was first divided by 2, then by the total range of horizontal stimulus positions within the experiment; these set divisional values were the same for each participant, condition, and row. Finally, the resulting sum was multiplied by 100. The resulting Effects of weight and height on hand selection 14 number estimated the virtual point at which hand-use switched from one hand to the other on a continuous scale, i.e. the switch-point within each row. A switch-point was determined for each participant at each height, i.e. row of stimuli, and for each condition, i.e. weighted and nonweighted.
We then analyzed switch points with a 3 x 2 factorial repeated-measures ANOVA for the main Please note, that all measurements, calculations, and analyses were conducted with Unity3D coordinates. In doing so, we avoided any variability or systematic biases from rounding errors. Only final group results were converted to the three reference spaces, i.e. visual2D, visual3D, and real space.
Results
The rANOVA showed a significant main effect for non-weighted (NW) versus weighted (W) conditions (p = 0.009, F 1,26 = 7.9582; Tab 2 and Fig 3) , with a mean difference (NW -W) of -0.64cm, SEM 0.06; i.e. average switch points moved significantly towards the left from the non-weighted to the weighted conditions. We also found a significant main effect of height (p = 0.0107, F 2,52 = 4.960).
We followed this up with three paired t-tests comparing switch points between height levels. These Beyond this main analysis, we conducted complementary analyses to explore the participants'
behavior and compare our data to previously reported findings. We calculated the number of midline crossings for either hand. We found a group mean of 9.89 crossovers in the NW-condition that increased to a 12.11 crossovers in the W-condition for the right hand. In contrast, the left hand went from 3 crossovers in NW-condition to 2.59 crossovers in the W-condition. We calculated the frequency of ipsilateral hand use in ipsilateral space. This data showed that the participants used the dominant right-hand on average 93% of the time in ipsilateral space, whereas the nondominant left hand was used on average 76% in ipsilateral space (Fig 4) . Beyond this difference, variability across the group was apparently higher for the non-dominant left hand than for ipsilateral right hand use.
[FIGURE 4] To determine if all participants complied with the instructions and started in the same locations, we analyzed starting positions across the group. We read out horizontal and vertical coordinates of both hands at the time of target presentation for each trial and each participant. From this data we calculated frequencies of positions within each participant and then averaged these frequencies across the group (Fig 5) . This analysis showed that a highly consistent percent of trials began within the same square centimeter of space, with the left hand having a mean horizontal starting position of -2.9cm, and the right hand having a mean horizontal starting position of +2.9cm.
[ (please rf. to Fig 1 and Fig 2) .
We also collected data from the Edinburgh Handedness Inventory (EHI). The average score on the 
Discussion
The finding of a main effect of weight supported our hypothesis that an increased amount of effort would shift the switch-point farther into the contralateral space of the dominant hand. To our knowledge, this is the first study which incorporates asymmetrical weight as an independent variable. We offer the effort-effect hypothesis to explain the results: given the extra effort needed to use the non-dominant hand in this condition, the selection factor for the dominant hand "took over"
on several of the contralateral targets. We define our effort-effect hypothesis as follows: "given an initial preference to the dominant hand at midline, we expect thereafter that the more effort it takes to use a hand in comparison to the other, the less likely it will be selected for use due to the increased cost-of-movement. If increased effort would be required equally between both hands, in the case of increased distance on the midline equal between the two hands, preference will be increased for the dominant hand."
The main effect of height also supports this effort-effect hypothesis, in that the middle and top rows showed significantly more dominant hand use compared with the lowest row, where the stimuli were closest to the hand starting position. This evidence also directly corresponds with the findings by the Baldwin [21] , who administered over 2000 reach preference trials to his daughter from her 5 th month to her 10 th month. Baldwin noticed that at a distance of 9in (~23cm), his daughter showed no trace of hand preference. Yet, when he increased the distances to 12-15in (~30-38cm), he was able to record a preference ratio of 15:1 for the dominant hand. Baldwin concluded that this selection preference was due to the extra exertion of effort that the farther targets demanded. This concept also follows Fitts' Law [39] , that the modulation of effort from task difficulty should indeed increase with target distance. Interestingly, Pryzbyla [6] reported a finding with a different stimulus setup which also is complementary with our hypothesis. The targets in their experiment required participants to reach farther in-depth rather than height, but despite that, they found a similar effect that the dominant right hand tended to be used increasingly more with increasing depth.
Additionally, we calculated the frequency of ipsilateral hand use in ipsilateral space. In the nonweighted condition, the data showed that the participants used the dominant right-hand on average 93% of the time in ipsilateral space, whereas the non-dominant left hand was used on average 76% in ipsilateral space (Fig 4) . Being such, it also follows that this paradigm is representative of the literature in distinguishing hand selection. In particular, a study by Harris and Carlson [40] found that the dominant right hand was used 90% of the time with ipsilateral stimuli, where the nondominant left hand was used 60-75% of the time with ipsilateral stimuli. This agreement with past literature is also in itself significant, as in our knowledge, this is the first virtual reality paradigm to address hand selection in this way. In line with the hemispheric bias hypothesis, we found a large percentage of ipsilateral reaches, possibly driven by reaction-time advantages due to spatial compatibility between the arm and target [16] . The smaller percentage of contralateral reaches could be explained by the kinematic hypothesis, in that occasionally the joint angles lend themselves to make more direct paths to a target in contralateral space. This also follow the logic of Przybyla [6] , in that "one should not always be expected to use one arm, but rather individuals should tend to choose the arm that is more proficient for the task conditions at hand." Yet, the kinematic hypothesis would not offer a solution when we bring the idea of task demands regarding weight or height into the picture. However, these findings can be resolved by the addition of our effort-effect hypothesis, in that the initial preference of the right-hand takes precedence on some of the stimuli locations that are in contralateral space, and then even more so when the left hand is ladened with the 500g weight. To support this, we looked at the number of crossovers at each position. In total, there are the 267 right-handed crossovers in the group data on the non-weighted condition, and this number increased 22.5% to 327 total crossovers in the weighted condition. It also can be clearly seen that there is a exponential decline in crossovers as the targets become farther away into the contralateral space. However, more crossovers can be seen in the weighted condition until the stimuli become so far out that the number over crossovers in total falls below 10 (at -19.2cm). The total distribution of crossovers with respect to contralateral stimulus position can be seen in Fig 6. [ We asked our participants if they perceived a change in hand preference from the non-weighted to the weighted condition, 16 of the participants reported that they did notice a change in their behavior. There was a space for follow-up information, short answers were given such as: "it was easier to use the non-weighted hand; it was harder to go quickly with the weighted hand; I used the left hand less". If a participant gave additional input, it can be found in Supplementary File 2.
Importantly, our paradigm also showed that we can detect the difference between the weighted and non-weighted conditions even with such a minimal weight. Given we used a 500g weight on the left-hand, it would reason that if we increased this weight, we'd see an even greater increase in right-hand use. Or on the contrary, if the weight was added to the dominant hand and if the efforteffect hypothesis should hold, there should be a certain amount of weight relative to each participant that would create roughly a 50%/50% switch-point. The rationale behind adding the weighted glove in this paradigm was to make a simple connection to what a patient with an impaired arm may experience; i.e. more difficulty in doing tasks with that limb. We wanted to see if the paradigm was sensitive enough to distinguish the within-subject condition of the added weight.
Our findings support that the paradigm indeed is sensitive enough to do so.
Neuropsychologists have a vested interest in understanding hand selection and its relation as a direct link into cerebral lateralization and functioning. Given the validation of our paradigm with the previous literature we believe it can be easily adapted in the future to create a reliable Through the rules set by the programming of the environment, the paradigm would only recognize when the red cubes would be contacted by the 'red hand', and vice versa. Given our complete control over the stimulus presentation, we could, for example, present these cubes at exactly the same locations as the participant contacted in the baseline paradigm. Yet, we can also challenge the patient to utilize the significantly affected left-hand by programming a training goal to shift the switch-point by a certain percentage. Dependent upon the behavior of the patient (i.e., they were successful), the following trials would shift the switch-point farther, challenging the patient once again. This sort of adaptive learning paradigm has been shown to be extremely beneficial in rehabilitative efforts, in which the approach is thought to "facilitate motor learning by progressively challenging the subject in accordance with the individual capacity for functional restoration" [37] .
Furthermore, rehabilitating left hand use is only one of the many adaptations of the basic paradigm structure we created; easy manipulations can encourage patients to increase accuracy, or speed, or contralateral hand use, or attention and visually guided movements on pre-set trajectories. The virtual environment created here offers a viable approach for flexible rehabilitation paradigms, while its combination with real-time adaptive learning algorithms could be used to tailor therapy for each individual patient.
